Abstract: Various propellant compositions were prepared incorporating fully characterized nano-sized manganese dioxide, from 0.25 wt.% to 1.0 wt.%, in HTPB/AP/Al-based composite propellant formulations having 86 wt.% of solid loading, and its effects on the viscosity build-up, thermal, mechanical and ballistic properties were studied. The findings revealed that on increasing the percentage of nano-MnO2 in the composition, there was an increase in the end of mix viscosity, the modulus and tensile strength, while the elongation decreased accordingly. The data on the thermal properties revealed a reduction in the decomposition temperature of ammonium perchlorate (AP) as well as of the formulations based on it. The data on the ballistic properties revealed that there is an enhancement in the burning rate from 6.11 mm/s (reference composition) to 7.54 mm/s at 6.86 MPa (a 23% enhancement in the burning rate) and an increase in the pressure exponent from 0.35 (reference composition) to 0.42 with 1.0 wt.% nano-MnO2.
Introduction
Composite solid propellants are composed of an elastomeric polymeric binder, in which solid particles of oxidizer, fuel, and additives are incorporated. It basically contains an oxidizer such as ammonium perchlorate (AP), or potassium perchlorate (KP), or ammonium dinitramide (ADN), etc. [1, 2] ; a binder such as cured hydroxyl terminated polybutadiene (HTPB) and a metallic fuel such as decomposition of AP and as a ballistic modifier in AP-based compositions. The results revealed that the mesoporous β-MnO 2 is very effective in catalysing decomposition of AP (reducing the decomposition temperature by 153 °C with 2 wt.% catalyst). Naya et al. [20] studied ammonium nitrate(V) (AN)-HTPBbased composites supplemented with MnO 2 as a burning catalyst and found that MnO 2 improves the burning characteristics of AN-based propellants. In other work, mixed oxides of copper, chromium, manganese, etc. have been used in different ratios to study the burning behaviour of AP/HTPB propellants and it was found that catalysts containing copper oxide mixtures have a reinforcing capability compared to mixtures containing no copper oxide, resulting in higher burning rates [21] . Kohga et al. investigated the thermal decomposition behaviour and burning characteristics of AN/RDX based composite propellants supplemented with MnO 2 and Fe 2 O 3 and their results revealed that mixed catalysts were more promising than individual catalysts in enhancing the burning rate [22] . Kishore [23] . Also, Singh et al. studied the catalytic activity of nano-MnO 2 crystals on the thermal decomposition of AP and found that it enhances the thermal decomposition [24] .
A systematic study of the mix viscosity, mechanical, thermal and ballistic properties of composite propellant formulations (86 wt.%) on incorporating nano-MnO 2 has been carried out. The results reported here are compared with a reference composition, as well as with micron-sized MnO 2 .
Experimental

Materials
Both nano-and micron-sized manganese dioxide, AR grade, were purchased from Nanoshel (USA). AP, procured from M/s Pandian Chemicals Ltd. (Cuddalore, India), was used in a bimodal distribution having average particle sizes 300 μm and 50 μm in the ratio of 3.5:1, respectively. HTPB, manufactured by free radical solution polymerization and having an average molecular weight (M -n ) of 2560 with a hydroxyl number of 43 mg KOH/g, was procured from M/s Anabond Ltd. (Chennai, India). Aluminium powder, having average particle size 15 ± 3 μm, was procured from M/s The Metal Powder Company (Madurai, India) and was used as received. Dioctyl adipate (DOA), toluene di-isocyanate (TDI), N-phenyl-2-naphthylamine (NONOX-D), trimethylolpropane (TMP) and 1,4-butanediol (n-BD) were also procured from trade and used as received.
Characterization
The material and phase identification of nano/micron-sized MnO 2 was determined with a Phillips PANalytical X'Pert 3 Powder X-ray diffractometer using Cu K α radiation in the range 20° to 90°. The purity of nano-MnO 2 was determined by Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) Model: JY Ultima 2000, France. The particle size of nano-MnO 2 was determined with a NANOPHOX particle size analyzer (NX0084), Germany, based on the dynamic light scattering technique in aqueous medium after sonication for 5 min. The particle size of micron-MnO 2 was determined by laser based particle size analyser CILAS, model 1064L, France, in aqueous medium. The particle size and surface morphology of nano/micron-sized MnO 2 was also determined by Field Emission Scanning Electron Microscopy (FESEM) FEI Nova NanoSEM 450 with a resolution capability of 1.4 nm. The specific surface area (SSA) of nanoMnO 2 /micron-MnO 2 was determined with a BET surface area analyser, Gemini VII 2390 t, Micromeritics, USA, based on the nitrogen adsorption technique after degassing the sample at 250 °C for 6 h followed by the determination of the surface area at liquid nitrogen temperature (77 K).
A Brookfield dial type viscometer, Model HBT, was used for the measurement of the end of mix (EOM) viscosity of the propellant slurry by a T-C spindle at a rotation speed of 2.5 rpm at 40 °C. Thermal studies on the decomposition were carried out on a differential scanning calorimeter (DSC), Model Q20, TA Instruments, USA. The DSC experiments were carried out in an ultra-high purity nitrogen atmosphere at a flow rate of 50 mL/min and a heating rate of 10 °C/min. The mechanical properties, tensile strength (TS), elastic modulus − initial slope of stress-strain curve − (E-mod) of the cured propellant samples and the percentage elongation were determined on a Hounsfield universal testing machine (UTM) using dumbbells conforming to ASTM-D-638 type IV at a cross head speed of 50 mm/min at ambient temperature. The calorimetric value (cal-val) [25] and density of the cured propellant formulations were determined with a Parr isoperibol bomb oxygen calorimeter 6200 (under inert nitrogen atmosphere) and a helium gas pycnometer, respectively.
The burning rate of the cured propellant samples was determined by the acoustic emission technique in an inert environment (N 2 ) at 5.88 MPa, 6.86 MPa, and 7.84 MPa using a 750 cm 3 stainless steel Crawford bomb at 27 °C. The bomb was equipped with a piezoelectric transducer made of Lithium Niobate crystal on a ceramic sole. An acoustic signal was generated by the rapid release of energy accompanying the propellant combustion. The propellant samples were cut in the form of solid strand burning rate (SSBR) samples having dimensions of 150 mm × 6 mm × 6 mm and ignited from one end using Nichrome wire. When the propellant strand burned, an acoustic pulse was generated and was measured using an oscilloscope. The burning rate of the propellant strand was calculated by dividing the length of the strand by the duration of acoustic pulse. The error in the measured burning rate, in the range of ± 2%, may be due to dimensional variation of the propellant strand and length measurement.
Incorporation of nano-and micron-sized MnO 2 in the composite propellant formulation
Initially, the prepolymer resin (504 g), i.e. HTPB, dioctyl adipate (DOA; 150 g) as a plasticizer, along with an antioxidant (5 g), i.e. N-phenyl-2-naphthylamine (NONOX-D) and a bonding agent (6 g; a mixture of 1,1,1-trimethylol propane and 1,4-butanediol) were charged to a vertical planetary mixer (volume 15 L) and the whole mixture was mixed well for 30 min, followed by mixing under vacuum for a further 30 min to drive out entrapped air. After this, nano-MnO 2 or micron-MnO 2 (25 g) was added and mixed thoroughly for 10 min before Al powder (~15 µm; 900 g) was added to the mix. After complete addition of the Al, the mixture was mixed for a further 20 min. Subsequently, AP (3375 g; bimodal having particle sizes of 300 µm and 50 µm) was added and mixed in such a way that homogeneity was obtained. The overall mixing temperature was maintained at 40 ± 2 °C. After complete addition of the solid ingredients, the mixing of the composition was continued under vacuum for 30 min. At this stage, toluene diisocyanate (TDI; 35.0 g) was added and mixed for a further 40 min. The composition was then cast into 100 mm inner diameter (ID) moulds by the vacuum casting technique and cured at 50 °C for 5 days [26] . The percentage of nano-MnO 2 /micron-MnO 2 used for this study was varied from 0.25 wt.% to 1.0 wt.%.
Results and Discussion
Initially, both nano-and micron-sized MnO 2 were fully characterized and their catalytic effect on AP was followed by evaluation in composite propellant formulations.
Powder X-ray diffraction
The nano-MnO 2 /micron-MnO 2 was characterized for its material identification, as well as phase identification, using the powder XRD technique at a scanning rate of 2°/min in a continuous scanning mode and the XRD patterns obtained are presented in Figures 1 and 2 
Determination of particle size by NANOPHOX
The particle size of nano-MnO 2 was determined by NANOPHOX particle size analyser. The results revealed that the surface mean diameter of the product was 51 nm whereas the distribution of the nano particles varied from 36 nm to 75 nm. The particle size of micron-MnO 2 was determined by CILAS and found to be 1.32 µm.
Determination of particle size and surface morphology
The particle size and surface morphology of nano-and micron-manganese dioxide was also determined by FESEM. The images infer that particles of nano-MnO 2 seemed to very close to spherical in nature and the average particle size was in the region of 45 nm. The surface morphology of micron-sized manganese dioxide appeared to be irregular in shape with an average particle size in the region of 1.31 µm. The FESEM of micron-sized manganese dioxide is shown in Figure 3 . 
Determination of the specific surface area by BET surface area analyser
The specific surface area of nano-MnO 2 and micron-MnO 2 was determined by using a BET specific surface area analyser at liquid nitrogen temperature. The results revealed that the specific surface area of nano-MnO 2 was 24.22 m 2 /g, whereas that of micron-MnO 2 was 4.4 m 2 /g. It is clear from above data that the nano-MnO 2 is finer than the micron-MnO 2 , therefore a better catalytic effect was envisaged.
Catalytic effect of nano-and micron-sized MnO 2 on ammonium perchlorate
The DSC samples were prepared by blending AP and MnO 2 in a mortar using a pestle. The DSC thermograms obtained for nano-MnO 2 and micron-MnO 2 are shown in Figures 4 and 5 , respectively. The thermograms clearly indicated that on addition of nano-MnO 2 /micron-MnO 2 , the decomposition temperature of AP was decreased. It is clear from Figure 4 that the decomposition temperature of AP without any ballistic modifier was 463.25 °C, whereas on addition of nanoMnO 2 at 0.367 wt.%, 0.735 wt.%, 1.101 wt.% and 1.468 wt.% (corresponding to 0.25 wt.%, 0.5 wt.%, 0.75 wt.% and 1.0 wt.% in the propellant composition) the decomposition temperature became 373.03 °C, 358.59 °C, 349.89 °C and 346.14 °C, respectively. This effect was found to be less marked in the case of micron-MnO 2 , as shown in Figure 5 , where the decomposition temperature of AP with 0.367 wt.%, 0.735 wt.%, 1.101 wt.% and 1.468 wt.% became 393.88 °C, 377.90 °C, 371.71 °C and 364.80 °C, respectively. This finding infers further that nano-MnO 2 has a very good catalytic effect on the thermal decomposition of AP due to its higher specific surface area in comparison to that of micron-MnO 2 . The end of mix (EOM) viscosity data of the studied compositions are listed in Table 2 . The data clearly indicate that as the nano-MnO 2 content in the composition was increased, the end of mix (EOM) viscosity of the propellant slurry also increased, i.e., from 730 Pa·s to 865 Pa·s, in comparison to the viscosity of the reference composition (670 Pa·s). The increase in viscosity may be due to the finer particle size and the higher specific surface area of nano-MnO 2 in comparison to micron-MnO 2 .
Effect of nano-and micron-sized MnO 2 on viscosity
Effect of nano-and micron-sized MnO 2 on the mechanical properties
The data on the mechanical properties are presented in Table 2 . It is clear from these data that as the percentage of nano-MnO 2 in the composition was increased, the tensile strength and E-modulus increased marginally, while the percentage elongation decreased. This may be attributed to the increase in packing density of the propellant composition on addition of nano-MnO 2 . Thus, the values of TS and E-modulus for nano-MnO 2 was increased from 0.71 MPa and 3.70 MPa to 0.80 MPa and 4.63 MPa, respectively, in comparison to 0.62 MPa and 3.43 MPa for the reference composition. However, a decreasing trend in % elongation was observed for the studied compositions compared to the reference composition.
Effect of nano-and micron-sized MnO 2 on the density
The data on the densities of the cured propellant formulations are given in Table 2 . It is clear from these data that the density of the nano-MnO 2 and micron-MnO 2 based formulations had almost same density as the reference composition (1777 kg/m 3 ). However, there was a marginal improvement in the density when the concentration used was above 0.5 wt.%, due to higher density of MnO 2 compared to AP.
Effect of nano-and micron-sized MnO 2 on the thermal properties
The thermal properties of the studied compositions containing nano-and micronsized MnO 2 , together with the reference composition, were evaluated and the data on the endotherms/exotherms are listed in Table 3 . The reference composition showed an endotherm at 247 °C due to the phase change of AP from orthorhombic to cubic. After that, a small decomposition peak was observed around 304 °C, followed by a sharp decomposition peak at 403 °C. On incorporation of nanoMnO 2 , the final decomposition peak was shifted from 397 °C to 385 °C as the concentration of MnO 2 was increased from 0.25 wt.% to 1.0 wt.%. These results revealed that nano-MnO 2 is very effective in catalysing the decomposition of the composite propellant formulations. The same trend has also been observed with micron-MnO 2 , but to a lesser extent, in comparison to nano-MnO 2 . 
Effect of nano-and micron-sized MnO 2 on the burning rate
The burning rates were determined by the acoustic emission technique in an inert atmosphere at 6.86 MPa [25] , and the data obtained are listed in Table 4 . It is clear from these data that as the percentage of nano-MnO 2 was increased, the burning rate also increased accordingly. The table also shows that a 2% increase in burning rate was observed with nano-MnO 2 in comparison to micron-MnO 2 at 1.0 wt.%, however, in comparison to the reference composition, there was 23% enhancement in the burning rate. The burning rate enhancement using nanoand micron-MnO 2 in the compositions clearly infers that as the concentration of the catalyst reaches the level of 1.0%, the burning rate enhancement becomes saturated, which indicated that this is the optimum concentration, and consequently compositions with >1 wt.% concentration were not studied. The increase in burning rate may be due to the higher specific surface area of nanoMnO 2 in comparison to that of micron-MnO 2 .
Effect of nano-and micron-sized MnO 2 on the pressure exponent (n)
The pressure exponent (n) was determined using SSBR data at different pressures, by plotting a curve of log e (burning rate) vs. log e (pressure) and calculating the pressure exponent from the slope of the curve [29] . The data obtained are listed in Table 4 . The pressure exponent of the reference composition was 0.35, and on addition of nano-MnO 2 and micron-MnO 2 the pressure exponent value increased from 0.37 to 0.42 and 0.36 to 0.41, respectively, as the catalyst concentration was increased from 0.25 wt.% to 1.0 wt.%.
Conclusions
A successful attempt has been made to incorporate nano-MnO 2 in composite propellant formulations, from 0.25 wt.% to 1 wt.% by replacing coarse AP, having 86 wt.% solid loading, and its effects on the end of mix viscosity, and the mechanical, thermal and ballistic properties were studied. The data revealed that there was an increase in end of mix viscosity from 730 Pa·s to 865 Pa·s on incorporation of nano-MnO 2 from 0.25 wt.% to 1.0 wt.%, whereas the EOM viscosity of the reference composition was 670 Pa·s at the same temperature, while no changes in the mechanical properties were observed. Furthermore, nano-MnO 2 was found to be effective in lowering the thermal decomposition
